Introduction
Lath martensite structure has overwhelming industrial significance in most heat-treatable commercial steels. High dislocation density is one of major factors for high strength of lath martensite.
1) It is known that the dislocation density in the lath martensite is an order of 10 14 or 10 15 m
Ϫ2
.
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However, the quantitative studies on the dislocation density in martensite are very few. One of the difficulties in the measurement of dislocation density by transmission electron microscopy is a determination of thin foil thickness. Kehoe and Kelly 3) determined the foil thickness from extinction thickness fringes in an inclined boundary and measured the dislocation density within the laths in Fe-C alloys with carbon content from 0.01 to 0.1 mass%. They showed that the dislocation density increases with carbon content. However, the effect of carbon content more than 0.1 % on the dislocation density is not clear yet.
In the present paper, the dislocation densities within the lath martensite in Fe-C (0 to 0.8 mass% C) and Fe-Ni (0 to 23 mass% Ni) alloys were studied by TEM through precise determination of foil thickness using the convergent-beam electron diffraction (CBED) method.
8)

Experimental Procedure
A Ti and B-added ultra-low carbon (interstitial free) steel of which carbon content is 0.0026 mass% C (hereafter Fe-0.0026C), Fe-0.18, 0.38, 0.61 and 0.78 mass% C alloys and Fe-11, 15, 23 and 31 mass% Ni alloys were used. The chemical compositions and martensite start (M s ) temperatures estimated from previous papers [9] [10] [11] of these alloys are listed in Table 1 . All alloys except Fe-31Ni exhibit the lath martensite by quenching. An Fe-31Ni alloy which exhibits a lenticular martensite, was used to compare the dislocation densities between the lath martensite and the lenticular martensite. After austenitizing at 1 473 or 1 373 K for 0.6 or 1.8 ks to obtain similar austenite grain size (about 200 mm), each specimen was quenched into iced-brine except Fe-31Ni alloy. Fe-31Ni alloy was quenched into water followed by sub-zero cooling to 77 K. Microstructure was observed by transmission electron microscope (TEM).
Dislocation density (r) was measured on TEM micrographs by the line intercept method 12) and by applying the following equation;
rϭ2N/Lt
where N is the number of intersections with dislocations made by randomly drawn lines of length L on the TEM image, and t is the foil thickness. Observations were made in at least four randomly chosen areas. The dislocations were observed in two-beam condition for either 002 aЈ or 004 aЈ . In this conditions, all the perfect dislocations of bϭ a/2 ͗111͘aЈ are visible because g · b 0. The local thickness of thin foil specimens (t) was determined by the CBED method. Table 2 summarizes the results of measurements of dislocation densities within the laths in Fe-C and Fe-Ni alloys. In this table the dislocation density of untwined region of lenticular martensite in Fe-31Ni alloy is also shown for reference. Figure 1 shows the change in the dislocation density with carbon content in Fe-C alloys. As carbon content increases, the dislocation density increases. This tendency is similar to the results obtained by Kehoe and Kelly 3) and Nörstrom 5) in the low carbon (0.01-0.1%C) martensites. However, the dislocation densities reported by Kehoe and Kelly are higher than those by Nörstrom and the present study. One possible reason for the higher dislocation density by Kehoe and Kelly is that a higher cooling rate was used by them than by Nörstrom and the present study, which then suppresses recovery and dislocation annihilation to take place during cooling, as has been pointed out by Nörstrom.
8)
Results and Discussion
5) It is noted that the amount of dislocations decreases slightly when carbon content increases from 0.61 to 0.78 %. Laths in Fe-0.61C and Fe-0.78C alloys contained transformation twins in addition to dislocations, and the lath in Fe-0.78C alloy contained a higher fraction of twins. The decrease in dislocations may be due to the twinning which occurs partly as a lattice invariant shear. Figure 2 shows the effect of Ni content on the dislocation density in Fe-Ni martensite. As Ni content increases up to 23 %, the dislocation density in the lath martensite increases slightly. This composition dependence in Fe-Ni alloys is much smaller than in Fe-C alloys. On the other hand, the dislocation density in untwined region of the lenticular martensite in Fe-31Ni alloy is lower than those of lath martensite in Fe-Ni alloys with less than 23 % Ni in the same way as Fe-0.78C alloy in Fe-C alloys. This suggests that the occurrence of partial twinning results in the decrease of dislocation density in martensite. The composition dependence from 0 to 23 % on the dislocation density is similar to the previous studies by Chaudhuri et al. 4) However, Chaudhuri et al. showed that the dislocation density measured by X-ray diffraction increases sharply in the range of Ni content over 30 % which exhibits the lenticular martensite, although the dislocation density measured from TEM is not so high. They considered that this difference is caused by the loss of dislocations on thinning foils for TEM observation. If the effect of thin foil exists, the dislocation density measured by TEM should be always lower than those measured by X-ray analysis. However, as is shown in Fig. 2 , their results of dislocation densities for lower Ni contents are nearly the same between X-ray and TEM measurements. So it can be considered that the thin foil effect on the dislocation density might be small. One of the possible reasons is the decrease in the mosaic particle size by the presence of fine transformation twins in the lenticular martensite. 13) This might result in the increase in the apparent dislocation density by the analysis of X-ray line-broadening.
The origin of the high density dislocations in the lath martensite is the plastic accommodation of transformation strain in the martensite. The austenite matrix is also deformed because of such a strain. Dislocations in austenite are inherited into martensite. 14) Therefore, several factors which affect the dislocation density in the laths can be considered as follows. With decreasing in M s temperature, the dislocation density in the martensite would increase because the amount of recovery by auto-tempering after transformation is small. With increase in the shape strain (m) and the volume change (| DV/V |) on transformation, the amount of plastic accommodation in martensite and austenite would increase, resulting in the increase in the dislocation density within the martensite. The invariant plane strain, such as the shape strain in martensitic transformation, can be resolved into two components, i.e. a shear component and a dilatational component, which is equivalent to the volume change upon martensitic transformation. Thus, the shape strain and the volume change have different effect on plastic accommodation. If the strength of austenite and martensite increases, the dislocations which are introduced in austenite and martensite would decrease. Figure 3 shows the relationship between the dislocation density in lath martensite and the M s temperature (Fig.  3(a) ), the shape strain (Fig. 3(b) ) and the volume change at M s temperature (Fig. 3(c) ), respectively. As M s temperature decreases from 993 to 630 K, the dislocation density increases from 0.0026 to 0.61 % carbon. On the other hand, the dislocation density in Fe-Ni alloys is nearly constant in spite of a large drop (435 K) in M s temperature by the addition of Ni up to 23 %. Thus, it can be concluded that M s temperature itself does not affect to the dislocation density significantly. The shape strain of martensitic transformation in Fig. 3(b) was calculated by phenomenological theory of martensitic transformation with double shear mechanism. 15, 16) The dislocation densities in Fe-C and Fe-Ni alloys seem to have no relationship to shape strain. The volume expansion at M s in transformation from austenite to martensite in Fe-C and Fe-Ni alloys in Fig. 3(c) was estimated by previous studies. 17, 18) There is a good correlation between the volume change and the dislocation density in lath martensite. Therefore, the volume change seems to be the most dominant factor influencing the dislocation density in the lath martensite. However, other factors such as the strength of austenite and martensite seem to be ISIJ International, Vol. 43 (2003) , No. 9 Table 2 . Dislocation density in lath martensite. studied further.
Conclusions
The dislocation densities within the martensite in Fe-C alloys containing from 0.0026 to 0.78 mass% C and Fe-Ni alloys containing from 11 to 31 mass% Ni were measured by means of TEM. Main results obtained are as follows.
(1) As carbon content increases up to 0.61 %, the dislocation density in the lath martensite increases although the amount of dislocations decreases when carbon content increases from 0.61 to 0.78 %.
(2) As nickel content increases up to 23 %, the dislocation density in the lath martensite increases very slightly. However, the dislocation density in untwined region of the lenticular martensite in Fe-31%Ni alloy is lower than that of lath martensite in Fe-Ni alloys with lower Ni contents. This may be due to the deformation twinning which occurs partly in the accommodation of transformation strain.
(3) There is a good correlation between the volume change on transformation and the dislocation density in lath martensite.
